Measurements of the upper critical field H c2 near T c of Pr 1−x La x Os 4 Sb 12 were performed by specific heat. The results support the hypothesis of a non-single-ion origin of m * enhancement in PrOs 4 Sb 12 , derived from the analysis of the C/T discontinuity at T c . Both sets of measurements indicate the existence of a crossover concentration, x cr ≈ 0.2-0.3, separating heavy fermion-like alloys (x < x cr ) from normal metals (x > x cr ). Heavy fermion-like alloys exhibit field-induced long-range antiferro-quadrupolar (AFQ) anomalies in the specific heat, while those with x > x cr do not. The curvature in H c2 versus T near T c , observed in different measurements on pure PrOs 4 Sb 12 , is sample-and method-dependent.
Introduction
PrOs 4 Sb 12 is one of the most exotic and least understood heavy fermion superconductors [1] . There is no consensus as to the nature of heavy quasiparticles nor the character of superconductivity. Clearly, the Kondo effect, the conventional mechanism of the effective electron mass enhancement in heavy fermions, is not applicable. The crystalline electric field (CEF) ground state of Pr is a nonmagnetic singlet [2] . There are no experimental indications of the Kondo effect. Interestingly, various experimental probes suggest different scales of the electron mass enhancement. Low temperature (below 600 mK) measurements of the de Haas-van Alphen quantum oscillations indicate only a moderate enhancement of the cyclotron mass [3] , typical of transition metals. There are no signatures of the heavy fermion behavior in the resistivity [4] of PrOs 4 Sb 12 at T → 0. On the other hand, a large ≈1000 mJ K −2 mol discontinuity in the specific heat [1, [5] [6] [7] [8] [9] [10] divided by temperature ( C/T ) at T c implies the electronic specific heat coefficient (γ ) of order 500 mJ K −2 mol −1 , clearly in the heavy fermion range.
Previously, we have provided evidence for the collective nature of the heavy fermion state of PrOs 4 Sb 12 by alloying investigation [8] of PrOs 4 Sb 12 . C/T at T c rapidly decreases when La is partially substituted for Pr. The suppression is faster than linear, thus C/T of Pr 1−x La x Os 4 Sb 12 normalized to a Pr-mole is also reduced with x. Furthermore, this reduction takes place mainly between x = 0 and x cr (called the crossover concentration ≈0.2-0.3). C/T varies slowly between x = x cr and 1. A decrease of m * implied by this investigation is not likely to be explained by the variation of relevant singleion parameters. La has an unusually small effect on the lattice parameter and CEF energies. Characteristic temperatures defined by specific heat and magnetic field anomalies, due to excitations between the lowest CEF levels, are essentially unaffected by the La-doping.
Since C/T constitutes a very indirect measure of m * , additional confirmations of the heavy fermion state and its character are needed. In this report we demonstrate that the upper critical field (H c2 ) measurements support our conclusion of non-single-ion origin of the heavy fermion state in this material. H c2 (T ) was studied using a specific heat in fixed magnetic fields method. Specific heat, being a bulk-type measurement, is less sensitive to secondary phases and inhomogeneities than transport or magnetic susceptibility techniques. It is therefore a preferred method of H c2 (T ) investigation for alloyed systems in which some distribution of concentrations is unavoidable.
Experimental details
Samples used in this investigation were single crystals grown by the Sb-flux method. All specific heat measurements were performed on individual crystals. These crystals were between 1 and 5 mg in size.
We have characterized most of the crystals used in this study by ac-susceptibility. Contrary to our expectations, La does not lead to significant broadening of the transition. Figure 1 shows the ac-susceptibility, arbitrarily normalized, versus reduced temperature, T /T c , where T c for this purpose was determined by the diamagnetic onset. Results of the ac-susceptibility are sample-dependent, similarly to the next discussed specific heat. For x = 0 we show the data for two crystals, of which crystal B has clearly two steps in the ac-susceptibility, while crystal A seems to have one step only. However, both samples exhibit wide transitions. All previously reported ac-susceptibility curves for x = 0 also showed large widths [9, 7, 11] , typically 0.2 K. The temperature separation of the two steps in the susceptibility, 0.13-0.15 K, is approximately equal to the temperature separation of the two anomalies in the specific heat. These results might be indicative of the inhomogeneous coexistence of two superconducting phases in PrOs 4 Sb 12 . Substitution of small amounts of La for Pr (5%) does not eliminate the two steps in the susceptibility but makes the separation of the two steps and the overall width of the transition smaller, even on the reduced temperature scale. There is a dramatic reduction of the width between x = 0.8 and 1 (LaOs 4 Sb 12 ; T c ≈ 0.74 K). The reduction of the width of the transition in the ac-susceptibility with small values of x correlates with our previous observation of the decrease of the width of the superconducting anomaly in the specific heat between x = 0 and a crossover concentration x cr ≈ 0.2-0.3 [8] . Possibly, this is due to the disappearance of the second superconducting transition near x cr .
These wide transitions in the ac-susceptibility of PrOs 4 Sb 12 cannot be explained by very small H c1 (the field for which magnetic flux is completely expelled) in comparison with H c2 (onset of diamagnetism). Based on the reported [7] dH c1 /dT slope we expect the width of the transition to be less than 20 mK. Thus, the ac-susceptibility data seem to favor inhomogeneous superconductivity over the intrinsic multicomponent superconductivity with two transitions. However, the origin of possible inhomogeneities remains unclear. A sharp transition observed in LaOs 4 Sb 12 samples argues against any structural defects, since La and Pr are chemically similar. Is PrOs 4 Sb 12 a two-phase material? Large entropies associated with the two specific heat anomalies, discussed next, would indicate bulk character of both phases. Microprobe and x-ray diffraction analyses performed on several of our PrOs 4 Sb 12 crystals do not find any signatures of two-phase material. The possible inhomogeneities implied by ac-susceptibility have to be associated with 4f-electrons of Pr. One plausible scenario considered is a mixture of two electronic configurations of Pr, 4f 1 and 4f 2 . However, all up to date investigations, including L III absorption [12] and inelastic neutron scattering [2, 13] , suggest a stable trivalent state of Pr. Similarly, our magnetic susceptibility measurements on large (50 mg) crystals yield the high temperature effective paramagnetic moment of 3.6 μ B /Pr, consistent with the 4f 1 electronic configuration (3.59 μ B ) of Pr, and inconsistent with the 4f 2 state (2.54 μ B ) or a mixture of the two configurations. Narrowing of the superconducting transition upon doping and disappearance of the upper temperature transition upon powdering [14] of the crystal is difficult to reconcile with the inhomogeneous model. Atomic disorder, produced by either powdering or La-alloying, seems to affect more strongly the upper temperature transition. The two PrOs 4 Sb 12 samples have different specific heats neat T c . Discrepancies between different crystals were previously reported and discussed by several research groups [9, 10, 15] . Let us consider the zero-field data first. Crystal A (upper panel of figure 2 ), for which the acsusceptibility is shown in the top panel of figure 1 , has rather well defined two specific heat anomalies. Crystal B (lower panel of figure 2 ), on the other hand, has a much smaller high temperature anomaly (at T c1 ) in the form of an approximately linear rise of C/T without a characteristic peak. The transition temperature in specific heat can be identified by either an onset of the superconducting anomaly, a temperature of a local maximum in C/T , or by the conservation of entropy (equal area) construction. However, this latter convention is arbitrary for our case of two nearly overlapping anomalies. The onset temperature can be determined for the upper temperature transition (T c1 ) but the onset of the lower temperature transition (T c2 ) is again not well defined. In between the two transition temperatures, C/T is expected to be a superposition of two functions, of which one might be increasing and the other decreasing with T . Therefore, in the insets to figure 2 we show the onset of the upper transition and local maxima in C/T , if detectable.
One of the goals of this investigation was to search for the possibly different responses of the two transitions to magnetic fields, as observed in [15] . Magnetic fields were always applied approximately in the (100) direction for all crystals. For crystal A the field seems to suppress the height of the anomaly at T c2 more strongly than that at T c1 , such that only the high temperature transition can be clearly seen in fields of the order 0.5 T. In particular, the negative slope in C/T versus T between T c2 and T c1 in H = 0 becomes positive in a field of 0.5 T. However, this observation is contradicted by the behavior of the second crystal. For sample B, the low temperature anomaly dominates at all fields studied up to 1.2 T. Thus the field response of crystal B seems to support the observation made by Frederick et al [15] that the height of the maximum at T c1 is suppressed more strongly with the field than that at T c2 .
The insets to figure 2 show estimates of H c2 versus T using two different methods. If the transition temperature is defined by the onset of the higher temperature anomaly, H c2 is (within our resolution) linear in T for both crystals. However, we observe interesting discrepancies if the transition temperature is defined by the local maximum in C/T . The corresponding H c2 versus T curves for crystal A have pronounced negative curvatures near T c . These curvatures are due to the broadening of the specific heat anomaly in small magnetic fields. The specific heat data for this crystal (upper panel) shows that the temperature separation between the onset and C/T maximum continuously increases with the field value for small magnetic fields. On the other hand, this effect is not apparent for the second crystal, for which the lower temperature anomaly is dominant and for which the upper temperature maximum cannot be uniquely determined. An abrupt change of slope in H c2 (T ) (inset to the lower panel of figure 2 ), obtained using the onset temperature, above 0.5 T is a consequence of the upper temperature anomaly disappearing near this field, according to the specific heat for crystal B.
The transition temperature for all La-containing samples was determined by the maximum in C/T (figures 3-5). Measurements were limited to narrow temperature intervals near T c . Such −dH c2 /dT versus x is shown in figure 6 . The data point for x = 0 is our best estimate using both the onset temperature and local maximum in C/T (for fields greater than 0.2 T; i.e. for fields such that H c2 is linear in T ) methods. This average estimate for PrOs 4 Sb 12 is approximately 2.1 T K −1 , thus somewhat larger than estimates of Bauer et al [1] and Grube et al [10] of ≈1.9 T K −1 but in agreement with that of Measson et al [16] , when fit over the same field range. −dH c2 /dT decreases monotonically with x, but most of this reduction takes places for small values of x. Such a variation of the slope strongly implies that the effective mass of the carriers is rapidly reduced by a small amount of La substituted for Pr.
As it has been already demonstrated [1] , the superconductivity of PrOs 4 Sb 12 can be considered in the clean limit. The value of the mean free path l e is between 1000 and 2000Å. This lower limit is obtained from our resistivity measurement (ρ 0 approximately 5 μ cm) while the upper limit is from the Dingle temperature [17, 3] . Thus, the mean free path is significantly larger than the reported coherence length ξ 0 of 116Å calculated from the upper critical field slope. Our estimate of ξ 0 using the same method is 112Å. We expect the mean free path for LaOs 4 Sb 12 to be of the same order as that for PrOs 4 Sb 12 . Using the published ρ 0 of approximately 3 μ cm we arrive at l e ≈ 1600Å. The coherence length for LaOs 4 Sb 12 is much larger than that for PrOs 4 Sb 12 . Assuming the validity of the clean limit formulae, ξ 0 ≈ 970Å, in agreement with the approximation of Sugawara et al [3] , the corresponding Fermi velocities are 1.52 × 10 6 and 5.25 × 10 6 cm s −1 for the Pr and La compounds, respectively. Since the lattice constants of both compounds are almost identical while Pr and La have the same number of valence electrons, the Fermi wavevectors should be equal. Therefore, the ratio of Fermi velocities should be equal to the ratio of effective masses or electronic specific heat coefficients. There is some distribution for reported γ values of LaOs 4 Sb 12 . Using the largest reported value [8] of 59 mJ K −2 and the derived ratio of Fermi velocities we arrive at 200 mJ K −2 as the estimate of γ for PrOs 4 Sb 12 . This estimate is significantly smaller than the discontinuity in C/T c /γ , which falls between 800 and 1000 mJ K −2 mol (depending on sample and analysis method), suggesting an enhancement of C/T c /γ due to collective many-body effects, which are beyond the mass enhancement.
In the clean limit of superconductivity, which appears to be the appropriate limit for all 4 Pr 1−x La x Os 4 Sb 12 alloys, the effective mass depends on √ −dH c2 /dT /T c . Figure 7 shows this latter quantity versus concentration x. Again, this figure suggests that the greatest reduction of the effective mass takes place for small values of x (<0. 2-0.3) . This crossover concentration can also be estimated from the intercept of the straight lines tangential to √ −dH c2 /dT /T c versus x obtained for limits x → 1 and 0.
In the inset to figure 7 we present the overall discontinuity [8] of the specific heat divided by T at T c . Note a close resemblance of the concentration dependence of the two sets of data, √ −dH c2 /dT /T c and C/T c . Clearly, x cr ≈ 0.2-0.3 is a crossover concentration between a rapid reduction of these quantities upon the La-doping and regime corresponding to moderate or small changes with x. A crossover concentration for m * can also be identified for There is a good correlation between the measurements of C/T c and the upper critical field slope at T c . This confirmation is important since the analysis of the specific heat discontinuity itself in an alloy system is strongly affected by a possible distribution of concentrations leading to some smearing of the anomaly and underestimating of the discontinuity. Existence of two transitions further complicates such an analysis of C/T (T c ).
Measurements of H c2 (T ) imply the existence of a crossover concentration x cr ≈ 0.2-0.3 separating heavy fermion-like and normal metal regimes in an alloy parameter space. This value of the crossover concentration seems to coincide with that for which signatures of the field-induced long-range order disappear in the specific heat. It is difficult to accurately determine the minimum value of x for which the field-induced long-range order is not observed, because the La-alloying has a weak effect on the temperature of this transition in a fixed field, but strongly suppresses the magnitude of the anomaly. However, our hypothesis of m * enhancement via antiferroquadrupolar fluctuations was confirmed by the investigation of the specific heat anisotropy in magnetic field [19] . The specific heat in the paramagnetic state shows anisotropy consistent with the established field-induced long-range order.
Finally, our results for pure PrOs 4 Sb 12 seem to imply that the curvature in H c2 versus x near T c is both sample dependent and dependent on how the transition temperature is determined. This is because wide zero-field specific heat anomalies become even wider in fields 0.1-0.5 T. The curvature in H c2 (T ) provided a strong support for the two-band model of superconductivity in PrOs 4 Sb 12 [9] .
It is also interesting, in the context of the unsolved origin of the two superconducting transitions in PrOs 4 Sb 12 , that, in general, La-substitution reduces the width of the superconducting transition in the ac-susceptibility. Thus, some degree of atomic disorder results in the narrowing of the superconducting transition, an observation difficult to reconcile with the inhomogeneous model of superconductivity in this material.
